Abstract Sorting of macromolecules within the endosomal system is vital for physiological control of nutrient homeostasis, cell motility, and proteostasis. Trafficking routes that export macromolecules from the endosome via vesicle and tubule transport carriers constitute plasma membrane recycling and retrograde endosome-to-Golgi pathways. Proteins of the sorting nexin family have been discovered to function at nearly every step of endosomal transport carrier biogenesis and it is becoming increasingly clear that they form the core machineries of cargo-specific transport pathways that are closely integrated with cellular physiology. Here, we summarize recent progress in elucidating the pathways that mediate the biogenesis of endosome-derived transport carriers.
Introduction
The endosomal system is comprised of an interconnected set of organelles whose principal functions are nutrient acquisition, the control of protein and lipid turnover, protection from pathogens, and to serve as a reservoir of membrane to support rapid changes in the surface area of the plasma membrane. The proteins and lipids that constitute the organelles of the endosomal system are derived principally by internalization of portions of the plasma membrane via multiple endocytic pathways. In addition, endosomes receive newly synthesized proteins, chiefly precursors of lysosomal acid hydrolases and other lysosomal residents from the secretory pathway via vesicular trafficking from the Golgi apparatus. Primary endocytic vesicles can undergo homotypic fusion to generate an 'early,' sometimes called 'sorting,' endosome de novo, or fuse with an existing early endosome. A maturation pathway converts an early endosome into a late endosome by gradually acidifying the fluid within the endosome lumen, which promotes the dissociation of internalized ligands such as nutrients and growth factors from their receptors, and molecular sorting reactions that either serve to target molecules into the lysosomal degradation pathway, or export proteins from the endosome and deliver them to other organelles for re-use ( Fig. 1) . Export of proteins and lipids occurs via recycling and retrograde pathways, and is mediated by vesicular and tubular transport carriers that bud and fission from the endosome and then ferry their contents to its destination; 'recycling' pathways convey molecules, chiefly signaling receptors, nutrient and ion transporters, from the endosome to the plasma membrane, and 'retrograde' pathways transport molecules, chiefly sorting receptors, proteases, and SNARE molecules, from the endosome-to-the Golgi apparatus. We term the organelles that are derived from an endosome and mediate trafficking to other organelles within the cell, 'endosome-derived transport carriers' (ETCs).
The morphologic features of endosomes are a key for understanding the molecular sorting reactions that take place within the endosome membrane [1] . Three types of topological features characterize the membranes of the endosomal system ( Fig. 1 ): a spherical vacuolar domain that is characterized by a small relative surface area-tovolume ratio, a tubular domain that originates from the vacuolar domain and which possesses a relatively large membrane surface area and small luminal volume, and vesicles within the lumen of the endosome (intra-luminal vesicles; ILVs) that are enriched in molecules that are earmarked for degradation via the lysosomal turnover pathway. Whereas early endosomes are distinguished from late endosomes by the presence of tubules that bud from a vacuolar domain whose lumen is modestly acidic (pH *6.5) and contains few ILVs, late endosomes possess an acidic (pH *5.5) lumen containing many intra-luminal vesicles, and are also called 'multi-vesicular bodies' (MVBs). The proteins that mediate MVB sorting and intraluminal vesicle formation constitute several complexes, termed endosomal sorting complexes required for transport (ESCRT), and a mechanism of ILV biogenesis is beginning to emerge [2] . By contrast, the machineries and mechanisms that mediate the sorting and export of cargo via recycling and retrograde trafficking pathways are far less well understood. Fortunately, in recent years, there has been significant progress towards identifying components of these pathways required for cargo sorting and packaging into budding ETCs, and how they are released from the 'mother' endosome. An emergent theme of this progress is the key roles that members of the sorting nexin protein family play in each stage of ETC formation. Here, we highlight and summarize these recent advances.
Roles for sorting nexins in cargo export from the endosome
The formation of an ETC involves packaging of lipids and select proteins into a vesicle or tubule that buds from and undergoes scission from the mother endosome. In the canonical paradigm of vesicle-mediated inter-organelle trafficking, the transport vesicle that buds from a donor organelle is enveloped by an oligomeric protein complex, such as clathrin or coatomer and their associated cofactors (e.g., cargo adapters), that mediates the selection of cargo and promotes membrane deformation required for budding. With this perspective in mind, the field has focused on identifying oligomeric coat proteins that might provide similar functions at the endosome. However, due to the complexities of the trafficking pathways that originate from the endosome, the ephemeral nature of maturing the endosome, and the diverse shapes and properties of Fig. 1 Sorting nexin mediated endosome export pathways. As an early, RAB5 GTPase-positive, endosome matures into a RAB7-GTPase-positive endosome, integral membrane proteins and lipids are exported from it via tubules and vesicles, collectively referred to here as 'endosome-derived transport carriers' (ETCs). Whereas cargo is sorted into the tubular domain of the endosome for export, the vacuolar domain of the endosome, containing solutes and intralumenal vesicles (ILVs) produced by the multi-vesicular body (MVB) sorting pathway, retains material and ultimately fuses with the lysosome where its contents are degraded via the lysosomal degradation pathway. Distinct requirements for three different sorting nexins, SNX27, SNX17 (and its paralog, SNX31), and SNX4, distinguish three export pathways from the early/sorting endosome that ferry cargo to the plasma membrane or the recycling endosome. At least two distinct export pathways operate on more mature endosomes, defined by requirements for the SNX-BAR proteins, SNX1, SNX2, SNX5, and SNX6, or the PX-only sorting nexin, SNX3. These pathways mediate retrograde trafficking of cargo from the endosome to the trans Golgi network (TGN). Where indicated, the retromer sorting device associates with the sorting nexin and contributes to cargo packaging membranes within the endosomal system, the classical vesicle biogenesis paradigm may not strictly apply at the endosome. For example, whereas the well characterized vesicle coat proteins, coatomer-I, coatomer-II and clathrin (and associated cargo adapter proteins), recognize sorting signal motifs in cargo proteins and concentrate them into uniformly sized vesicles, ETCs vary substantially in morphology (spherical vesicles, and tubules of varying length, measuring up to several microns long), and tightly packed, regular membrane associated coats, akin to clathrin, have not been observed by electron microscopy on endosomederived tubules. Nonetheless, there is a growing catalog of oligomeric proteins that are peripherally associated with endosome membranes and are required for sorting and transport of cargo; hence, these proteins are candidate ETC coat proteins. In particular, a subset of proteins of the sorting nexin (abbreviated SNX) family, defined by the presence of an evolutionarily related Phox-homology (PX) domain that typically recognizes phosphatidylinositol 3-phosphate, a defining lipid of endosomal membranes, have emerged as key components of multiple endosome export pathways [3] .
SNX-BAR proteins
Sorting nexins are divided into sub-families (Fig. 2) based on the presence of other structural features within the protein [3, 4] . One sub-family is defined by the presence of a dimeric membrane binding module, the Bin-Amphiphysin-Rvs (BAR) domain, which presents a curved, positively charged surface that binds avidly to membranes with high positive curvature. Whereas the PX domain confers specificity for the PtdIns3P-containing endosome membrane, the BAR domain confers targeting to the tubular domain of the endosome. In vitro membrane binding and structural studies show that SNX-BAR proteins can oligomerize on a membrane surface via tip-to-tip interactions of the BAR domains [5] , thereby generating regular arrays that wrap a membrane tubule. When present in sufficient concentration, some SNX-BAR proteins can drive a topological transition of a spherical vacuole to a narrow, coated tubule, suggesting that oligomerization of these SNX-BARs on the membrane could aid in the formation of a tubular transport carrier [5] . These observations suggest that the vacuolar domain of the endosome [6] provides a reservoir of SNX-BAR protomers that are recruited to the growing carrier tubule by oligomerization [7] , thereby promoting the growth of the budding tubule. Cataloging of human SNX-BARs on the basis of oligomerization, in vitro tubulation activity, and localization within cells suggests the potential for at least nine unique SNX-BAR coats to exist in cells (see [8, 9] ). In principle, each potential SNX-BAR oligomer might confer a cargo-specific trafficking pathway, but the extent to which this is the case is yet to be determined.
Retromer
A subset of SNX-BAR proteins rely on a protein complex called 'retromer' that orchestrates the capture of cargo proteins with the recruitment of sorting nexins and other factors that regulate actin dynamics on the endosome membrane to promote the formation of multiple types of ETCs. Authoritative reviews on retromer have been published recently [10] [11] [12] , so in this article, we shall only briefly describe the key features and functions of retromer as they relate to the biogenesis of ETCs. Genetic studies of protein trafficking in the endo-lysosomal system of budding yeast (Saccharomyces cerevisiae) led to the discovery of retromer, which was originally defined as a stable complex of five proteins: a heterodimer of the Vps5 and Vps17 SNX-BAR proteins, and Vps26, Vps29, and Vps35 [13, 14] . The yeast retromer complex was found to be dissociated in high salt (250 mM NaCl) containing buffers into the Vps5-Vps17 SNX-BAR heterodimer and a Vps26-Vps29-Vps35 sub-complex [13, 14] , where Vps26 and Vps29 bind to opposite ends of Vps35 to form a *200 Å long flexible dumbbell shaped structure [15] [16] [17] [18] [19] . The trimer sub-complex is often referred to as the cargo selective complex (abbreviated 'CSC') because it has been shown to recognize retrograde sorting signals in retrograde cargo proteins (Table 1) . However, it is now recognized that other proteins that associate with retromer, including some sorting nexins, also recognize sorting signals, so it is misleading to simply refer to the Vps26-Vps29-Vps35 trimer in this manner. Moreover, whereas the number and amino acid sequences of retromerassociated sorting nexins vary considerably between evolutionarily divergent organisms, the Vps26, Vps29, Vps35 retromer subunits are remarkably well-conserved through eukaryotic evolution, indicating that the Vps26-Vps29-Vps35 trimer constitutes the functional core of retromer. Hence, in accordance with the suggestion of other researchers [10, 12] , we will use 'retromer' to refer to the Vps26-Vps29-Vps35 trimer.
Retromer does not possess membrane binding activity and it therefore relies on endosome membrane via accessory factors, including sorting nexins, Rab GTPases and other proteins, to be recruited from the cytosol to the endosome membrane. This is best exemplified by yeast retromer, which is tightly associated with the Vps5-Vps17 SNX-BAR heterodimer and confers endosome localization [20, 21] . In a current model based on yeast retromer, one SNX-BAR dimer is associated along nearly its entire length with one retromer trimer, so that the an ETC retromer coat would be composed of alternating SNX-BARretromer sub-complexes [17] . In this configuration, the retromer-SNX-BAR interface lies along the entire length of one side of each sub-complex, leaving one face of retromer and the SNX-BAR available for binding cargo or other proteins. Unlike yeast retromer, however, the association of mammalian retromer with SNX-BARs is relatively weak, at least as assessed by co-immunopurification, and the extent to which this reflects structural and functional differences between yeast and human retromer complexes remains unclear [22, 23] . Moreover, in vertebrates, the SNX-BAR proteins that associate with retromer have expanded to include Snx1, Snx2, Snx5, Snx6, which form heterodimers [14, [24] [25] [26] (Fig. 2a, b) . It is possible that the diversification of human SNX-BAR proteins that function on retromer-dependent pathways reflects the increased diversity of cargo proteins in trafficking itineraries in metazoans cells compared to yeast cells, which is accommodated by decreased stability of the SNX-BARretromer holo-complex. In addition to sorting nexins, Rab7 family GTPases also confers membrane association of retromer by directly binding to the Vps35 subunit [21, [27] [28] [29] .
In vertebrate cells, branched filamentous actin (F-actin) is associated with sub-domains of the endosome membrane where retromer is also localized [30] [31] [32] . Retromer plays a direct role in directing actin polymerization at the endosome membrane by recruiting 'WASH,' a complex of five proteins (WASH1, strumpellin, SWIP, FAM21 and CCDC53) that activates the ARP2/3 actin nucleation promoting factor [30, 33, 34] . In murine WASH1 knockout cells, the endo-lysosomal system collapses into several large, aberrant organelles that contain endocytic cargos and lysosomal proteins [35] [36] [37] , indicating that WASH-mediated actin dynamics plays a profound role in the structure and function of endo-lysosomal system, though the specific molecular events that are regulated by WASH-mediated actin dynamics remain to be defined. Branched actin filaments have been observed to be associated with tubular domains of the endosome that contain cargo that is sorted by retromer [38] and mutations that ablate WASH-retromer binding result in a failure of retromer-mediated cargo sorting [35, 36, 38, 39] . These observations have led to the suggestion that a network of F-actin restricts the diffusion of retromer-associated cargo proteins within a patch in the membrane facilitating their incorporation into a budding ETC [10] , akin to the role proposed for plasma membrane associated F-actin in generating protein nanoclusters in the plasma membrane [40] . Evidence, discussed later in this review, suggests that WASH-mediated actin dynamics plays a role in ETC fission from the mother endosome.
Retromer-independent SNX-BAR pathways
The SNX4 SNX-BAR proteins localize to the early/sorting endosome, where in human cells, they function in retromer-independent plasma membrane recycling and endosome-to-Golgi retrograde trafficking pathways [41] [42] [43] . In human cells, SNX4 proteins are required to export cargo, including the transferrin receptor (TfR) [42, 44] and E-cadherin [45] , from peripheral early endosomes in tubules that are transported to the recycling endosome from where cargo is subsequently exported to the PM. Interestingly, SNX4 is the only SNX4-family member than can tubulate membranes in vitro by forming stable homodimers and heterodimers with non-tubulating SNX-BARS SNX7 and SNX30 [5] . Therefore, SNX4 likely forms the functional core to the SNX4 family export pathways. SNX4 elicits transport of the ETC to the peri-nuclear region of the cell by binding KIBRA, a coactivator of the microtubule motor dynein [42] .
The yeast genome encodes three Snx4 family proteins, Snx4, Snx41, and Snx42, which form Snx4-Snx41 and Biogenesis of endosome-derived transport carriers 3445
Snx4-Snx42 heterodimers [41] . Whereas mutant cells lacking Snx4 or Snx42 fail to sort the Snc1 v-SNARE [41] and the Can1 arginine transporter from the endosome-to-the Golgi [43] , deletion of Snx41 has no consequence on sorting of these cargos. Snc1 can be co-precipitated with Snx4 from cell lysates [41] and results from large scale yeast twohybrid interaction screening suggests that Snx4 may directly bind to Snc1, though this has yet to be established using purified proteins. The results suggest that the yeast Snx4 family proteins are components of two distinct trafficking pathways; a Snx4-Snx42 heterodimer mediates retrograde trafficking of Snc1 and Can1, and a Snx4-Snx41 heterodimer whose functions have yet to be elucidated. SNX-BAR proteins have roles in autophagy, a process that is induced by nutrient limitation whereby intracellular components-soluble proteins, mitochondria, other organelles-are packed within a double membrane vesicle that fuses with the lysosome, resulting in the degradation of its contents. The autophagosome membrane is decorated with a protein called LC3 (Atg8 in yeast) that is necessary for the biogenesis of the autophagosome. The SNX-BAR protein, SNX18, is reported to bind LC3 and another autophagy protein, Atg16L, and siRNA knockdown of SNX18 results in a decrease in the number of autophagosomes that are produced when cells are starved. In nutrient replete cells, SNX18 localizes to the recycling endosome, suggesting that it may contribute to trafficking LC3 from the recycling endosome to the growing autophagosome, resulting in deficient autophagy [46] [47] [48] . Interestingly, membrane tubulation by SNX18 was shown to be regulated by phosphorylation of a residue located within the N-terminal amphipathic helix motif. Phosphorylation inhibits formation of autophagosomes suggesting that SNX18 phosphorylation controls its function in autophagy [46] . Yeast cells lacking Snx4 or Snx42 are partially defective in the autophagy-related cytoplasm-to-vacuole pathway and in mitophagy (the turnover of mitochondria by autophagy), presumably due to mistrafficking of a protein(s) or lipid(s) required for these processes [49] [50] [51] [52] . Unlike human cells that lack SNX18, localization of Atg8 (yeast LC3) does not appear to be affected in these mutant cells. Another candidate protein that may be trafficked by Snx4-Snx42 is Atg9, an integral membrane protein component of the autophagy machinery that localizes to Golgi and endosome compartments [53] [54] [55] . As an integral membrane protein, Atg9 may mark membrane that is used to grow the nascent autophagosome [55] . Accordingly, vesicles containing Atg9 are proposed to traffic Atg9 from the Golgi to the nascent autophagosome; in this model, endosome-to-Golgi trafficking of Atg9 by Snx4/Snx42 maintains a supply of Atg9 in the Golgi that sustains autophagosome biogenesis [56] . Snx4/Snx42 and retromer pathways, however, appear to be redundant with respect to endosome-to-Golgi trafficking of Atg9 [56, 57] indicating that Snx4-Snx42 must have an alternative or additional function in autophagy that remains to be elucidated.
PX-only sorting nexins
The ''PX-only'' subset of sorting nexins is composed of proteins that consist of a PX domain with minimal additional flanking sequences [58, 59] . The best characterized of these is SNX3, which was first recognized to have a role in endosomal sorting through genetic studies in yeast which indicated that it functions as a cargo-specific auxiliary subunit of retromer [60] . SNX12, which is very closely related to SNX3, has also been implicated in endosomal trafficking, possibly in association with retromer, though its contribution to retrograde transport is poorly understood [61, 62] . In metazoans, sorting of wntless (Wls), an integral membrane protein required for secretion of Wnt signaling proteins, was shown to be dependent on SNX3 and retromer, but is independent of SNX-BAR proteins [63, 64] . At the time of this discovery, the identification of a SNX-BAR independent pathway undermined the assumption that retromer functions solely with SNX-BARs, and indicated that sorting nexins dictate sorting into distinct carriers/pathways. SNX3 directly binds VPS35 [29, 63, 65, 66] and the retromer cargos Wls and, in yeast, the iron permease complex, Fet3-Ftr1 [60, 64, 67] , supporting an active role for SNX3 in cargo selection. SNX3 binds with a high affinity to PtdIns3P-rich membranes regardless of curvature, possibly by virtue of the absence of other functional domains [63, 68, 69] and a looming question is how SNX3-retromer transport carriers are formed without the membrane remodeling activity provided by SNX-BARs. One possibility is that recruitment of retromer to the endosome [29, 63, 70, 71] may elicit local actin-dependent membrane remodeling via retromer-associated WASH complex. The roles of PX-only sorting nexins in endosomal sorting remain poorly understood and future studies will illuminate this piece of the endosomal sorting puzzle.
SNX-FERM sorting nexins
Sorting nexins that contain a C-terminal FERM (band4.1/ ezrin/radixin/moesin) domain (SNX17, SNX27, and SNX31) have recently received considerable attention due to their roles in plasma membrane recycling routes (Table 1; Figs. 1, 2d) [72] . The FERM domain is a protein interaction module that binds to proteins containing the sequence, Asn-Pro-X-Tyr (NPxY), which can function as a sorting signal in some integral membrane proteins, suggesting that SNX-FERM proteins function as adapters that select cargo for incorporation into an ETC. Loss of SNX-FERM function, either by RNAi-mediated depletion of the protein or by mutation of a sorting signal in a cargo protein, results in lysosome-mediated degradation of SNX-FERM cargo proteins, indicating that the core function of SNX-FERM proteins lies in export from a maturing endosome.
Plasma membrane recycling of integrins, P-selectin, APOER2, and low-density lipoprotein receptor-related protein 1 (LRP1) requires SNX17 [73] [74] [75] [76] [77] [78] (Table 1) . SNX17 is widely expressed and in polarized epithelial cells where it mediates export of cargo from the early endosome on tubular ETCs that ferry cargo to the basolateral sorting endosome, from where cargo is then subsequently trafficked to the basolateral membrane [75, 79] . In nonpolarized cells, it fulfills a similar function, in that it is required for trafficking of cargo from the early endosome to the recycling endosome [73, 77, [80] [81] [82] [83] . SNX17 is observed to localize with the cargo on tubules that emanate from early endosomes [78] , however, it is yet unclear how these tubular ETCs are formed, as recycling of b1 integrin is not affected by knockdown of retromer-associated sorting nexins (SNX1/2, SNX4, SNX5/6, SNX8, SNX27), retromer subunits, or WASH complex components [77, 84] . Integrin recycling is ablated by RNAi-mediated knockdown of C-terminal Eps15 homology domain (EHD) containing protein 3 (EHD3), a protein with endosomal membrane tubulation activity [85, 86] . As discussed later in this article, EHD proteins constitute a second type of potential ETC coat proteins. Curiously, the highly related sorting nexin, SNX31, whose expression is restricted to urothelial cells of the bladder, has been implicated in lysosomal-mediated degradation of uroplakins [87, 88] .
In addition to a FERM domain, SNX27 also possesses a PDZ (PSD95, Dlg1, ZO-1) domain, which recognizes short amino acid motifs at the C-termini of target proteins [89] . Pioneering studies of SNX27 were carried out with neurons, where it was demonstrated to be required for recycling of the beta-2 adrenergic receptor (b2AR) [89] . However, SNX27 is widely expressed in mammalian tissues and silencing of SNX27 expression in retinal pigment epithelial cells results in lysosomal targeting and turnover of a large number ([100) of plasma membrane proteins, including nutrient transporters and signaling receptors. An important clue to how SNX27 exerts its broad sorting function came from a proteomic study of SNX27 interacting proteins that led to the discovery that it binds directly to the VPS26 subunit of the retromer complex [84] . Through retromer interactions with SNX-BAR proteins and the WASH complex, SNX27 is proposed to direct cargo into SNX-BAR coated ETCs that return their cargo to the plasma membrane. The SNX27 recycling pathway can be considered to be a constitutive trafficking pathway that may be broadly integrated with neuron activity, metabolic homeostasis, and possibly other pathways [84, 89] .
Cargo recognition
Cargos of retrograde and recycling pathways are integral membrane proteins that are packaged into tubular and vesicular transport carriers that bud and fission from the endosome (Table 1) [12] . Export prevents these proteins from being retained within the maturing endosome and incorporated into vesicles that bud into the interior of the endosome (intra-luminal vesicles; ILVs) and eventual degradation within the lysosome (Fig. 1) . A longstanding assumption regarding export of cargo proteins from the endosomal system is that it would not require specific sorting machineries to select proteins for export because the large membrane surface area of the tubular endosomal network compared to the vacuolar domain of the endosome would be sufficient to segregate at least 99 % of the integral membrane proteins in the endosome into the tubular network [90] . However, amino acid sequences of cargo proteins that function as recycling and retrograde sorting signals have been identified in numerous cargoes ( Table 1) and complexes of peripheral oligomeric proteins that recognize sorting signals and coat the endosome membrane have been identified. It is now clear that both active, signaldependent mechanisms and passive, bulk partitioning underlie cargo export from the endosome. Signal-dependent sorting reflects cargo-specific targeting to any of multiple destinations, and it provides mechanisms to control plasma membrane composition through changes in the efficiencies with which different proteins within an endosome are sorted into the recycling pathway.
Retromer is a major, perhaps the major, cargo recognition module of endosomal export pathways. All retromer cargo sorting signals identified so far lie within cytoplasmic domains of either type I integral membrane proteins or multi-pass transmembrane proteins (Table 1) , and they generally contain hydrophobic and aromatic amino acids; examples include Trp-Leu-Met (WLM) and Tyr-Leu-Leu (YLL) found in the cytoplasmic tails of cation-independent mannose 6-phosphate receptor (CI-MPR) and divalent metal transporter 1 isoform II (DMT1-II), respectively [91] [92] [93] . However, a predictive consensus motif for retromer recognition has not been firmly elucidated and recent evidence indicates that retromer may possess multiple cargo recognition sites, which may account for the diverse cargoes of retromer-mediated pathways. For example, the sorting signals of the yeast Vps10 sorting receptor and human DMT1-II iron transporter are recognized at a site near the C-terminus of VPS35 [29, 94] , but the Phe-AlaAsn-Ser-His-Tyr sorting signal in human SorLA is recognized by VPS26 [91] . In addition, different regions of retromer may recognize distinct cargo motifs within a single cargo; the WLM motif in the CI-MPR tail is required for retromer-dependent sorting, but other regions of the CI-MPR tail also confer retromer binding [92, 95, 96] . Adding a layer of complexity to the regulation of cargo sorting, it has been shown that there are at least two paralogues of VPS26 (VPS26A and VPS26B) that assemble with VPS35 and VPS29 in mammalian cells. Interestingly, retromer formed between VPS26B, VPS35, and VPS29 is unable to interact with CI-MPR [97] . As CI-MPR cargo is thought to be recognized by direct binding to VPS35 [95, 98] , this finding highlights the intriguing possibility that retromer components play dynamic roles in regulating the function of retromer as a whole in cargo selection and sorting. Consistent with this idea, in vitro studies show that retromer is most efficiently recruited to liposomes when SNX3, RAB7, and a cargo tail (DMT1-II) are all present, suggesting the active participation of cargo in the process of retromer recruitment to the endosome membrane and ETC coat assembly [29] .
ETC coat proteins and the cytoskeleton in ETC formation
Early endosomes localize to the cell periphery, near the plasma membrane, and they are transported by microtubule-dependent motors as they mature to late endosomes, resulting in their accumulation near the peri-nuclear microtubule organizing center, where lysosomes also are enriched [99] . Microtubule minus end-directed movement (i.e., toward the microtubule organizing center) is mediated by the dynein motor complex, and is counteracted by plus end-directed movement on by kinesins (KIFs), such that the interplay between these motors underlies endosome positioning within the cell. In vitro studies show that KIFs can generate sufficient force to pull a tubules from a large, vacuolar liposome [100] , indicating that these motor molecules could, in principle, initiate budding, elongation and fission of a tubular transport carrier. Recent evidence indicates that a kinesin, KIF13A, localizes to the early endosome and maintains the peripheral position of the endosome within the cell [101] . Intriguingly, siRNA-mediated knockdown of KIF13A leads to a modest reduction in the rate of transferrin receptor recycling to the plasma membrane, and a decrease in the number of transferrin receptor containing tubules that emanate from the early endosome [101] . Conversely, overexpression of KIF13A led to an elaboration of the TEN associated with the early endosome, suggesting that KIF13A contributes to the generation of tubules loaded with transferrin receptor that presumably ferry the receptor to the cell surface [101] . Other KIFs, including KIF16B [102, 103] and KIF3B [104] , are also required for recycling of plasma membrane proteins, however, these motors appear to be required for organelle transport rather than in budding and elongation of ETCs. The modest overall reduction in the rates of recycling of plasma membrane proteins in KIF siRNA cells, and the failure of microtubule disrupting agents to elicit collapse of the TEN [105] , suggests that microtubule-dependent motors are but one of several factors that contribute to the morphogenesis of tubular ETCs. Additional factors, perhaps SNX-BAR proteins, likely cooperate with microtubule-based motors to generate an ETC.
The membrane of the endosome is partitioned into distinct domains that constitute the functional units of the endosome with respect to the sorting of proteins into recycling/retrograde pathways, the sites of formation of intraluminal vesicles containing cargo to be degraded, and the machineries that mediate fusion with other organelles (Figs. 1, 2) . Oligomerization of SNX-BAR proteins is a likely mechanism whereby a domain of the endosome that mediates export of cargo from the endosome is established. In vitro studies of SNX-BAR oligomerization shows that it is sufficient to drive the transition from vacuolar to tubular morphology, however, these studies have employed nonphysiologic concentrations of SNX-BAR proteins, so it is presently unclear how, under physiological conditions, oligomerization of SNX-BAR proteins is coupled to the formation of an ETC [100] . Recent studies exploring the functional interplay between microtubule-based motors and SNX-BAR proteins provides some evidence that particular motors and sorting nexins cooperate to form sorting domains [44, [101] [102] [103] [104] 106] . Fluorescently tagged (i.e., ectopically expressed) SNX4 and the retromer SNX-BAR, SNX6, localize to distinct regions of an individual endosome [42, 106, 107] , and their [42, 106, 107] segregation was found to be perturbed in cells treated with siRNAs to particular motors [44] . Interestingly, SNX4 and SNX6 are reported to bind to components of the dynein/dynactin motor complex [42, 106, 107] , raising the possibility that these interactions [44] couple local, motor-dependent generation of positive membrane curvature and oligomerization of the SNX-BAR protein. One concern with this approach is that knockdown of motor molecules will have widespread effects that complicate the interpretation of these experiments. Going forward, it will be important to devise experimental strategies (e.g., point mutations) that selectively uncouple interactions between individual SNX-BAR proteins and their associated motor to elucidate the contributions of these interactions to endosome function.
Fission mechanisms
In the final step ETC biogenesis, fission of the ETC membrane releases it from its mother endosome. The mechanism(s) of endosome membrane fission is poorly understood, in part because of the diversity of ETC morphologies and the multiple types of proteins that coat ETCs. GTPases of the dynamin family are oligomeric mechanoenzymes that wrap around a membrane and promote fission by constriction of the dynamin ring. The best characterized of these enzymes is dynamin, which functions at the neck of clathrin coated endocytic vesicles, and there is no firm evidence that any dynamin family protein functions in an analogous manner at the endosome in mammalian cells. In yeast cells, however, the Vps1 dynamin family protein localizes prominently to endosomes that are decorated by retromer and SNX-BAR Fig. 3 Modes of ETC fission. Depicted are three types of fission events proposed to elicit fission of tubular endosomederived transport carriers from the mother endosome. a Tensile force produced by coordinated action of F-actin and microtubule-dependent motors. Whereas long range movement of the endosome is mediated by microtubule-dependent motors, such as dynein and kinesins, filamentous actin restricts the motility of endosomes by 'caging' or tethering the endosome [121] . Localized increase in microtubuledependent motor traction and corresponding increase in tensile force relative to the tethered vacuolar domain leads to ETC fission. Local endosome-associated actin dynamics, generated by ARP2/3 and the WASH complex, might also propel the ETC away from the mother endosome to drive fission. b ETC fission occurs at sites where the ETC is contacted by a tubule of the endoplasmic reticulum (ER), however, the role of the ER contact sites in ETC fission has yet to be elucidated. c In yeast, ETC fission is mediated by the dynamin-related protein, Vps1. The SNX-BAR protein, Mvp1, is proposed to facilitate oligomerization of Vps1 on the ETC membrane by constricting the diameter of the tubule, thereby promoting fission. Models are not drawn to scale Biogenesis of endosome-derived transport carriers 3449
proteins, and retromer-mediated cargo export is deficient in cells lacking Vps1, implicating Vps1 as a core component of the yeast retromer pathway [6] . In cells lacking the SNX-BAR protein, Mvp1 (the yeast ortholog of human SNX8), endosome localization of Vps1 is substantially reduced, indicating that Mvp1 promotes targeting of Vps1 to the endosome [6] . Oligomerization of human dynamin on membrane tubules is strongly dependent on the diameter of tubule [108] , and it was suggested that Mvp1 promotes endosome targeting of Vps1 by generating constrictions on retromer-coated tubules that promote Vps1 oligomerization and ETC fission [6] (Fig. 3c) . These results, as well as studies of BAR domain proteins that function with dynamin in endocytosis [109] [110] [111] , underscore the intimate functional interplay between BAR domain containing proteins and dynamin-mediated fission machinery, and it is logical to expect that membrane scaffolding by SNX-BAR proteins in metazoan cells might similarly influence fission, although via mechanisms that do not require a dynamin family protein.
Mammalian cells express a family of proteins (EHD1-4) that possess a conserved ATP-binding domain that is related to the GTP-binding domain of dynamin, and a C-terminal Eps15 homology domain (EH) [112, 113] . The nucleotide binding domain displays a curved membrane binding surface and, like SNX-BAR proteins, EHD proteins can drive tubulation and vesiculation of liposomes via a scaffolding mechanism [112] [113] [114] . The EH domain binds Asn-Pro-Phe motifs [115, 116] that are found in some Rab proteins, BAR domain proteins, and molecular motors [117] , suggesting that EHD proteins direct these factors to regions of the endosome membrane displaying positive curvature, such as a ETC tubule [112] [113] [114] [118] [119] [120] . A role for EHD proteins in fission of endosomal tubules is suggested by the observations that RNAi-mediated depletion of EHD1 (also known as RME-1) and EHD4 from cells results in an elaboration of tubules of the Endocytic Recycling Compartment (ERC), consistent with a physiological function for these proteins in ETC fission [114] . Further work is necessary to clarify whether or not EHD proteins promote fission under physiological conditions. While mechanoenzymes such as dynamin elicit membrane fission by constricting the membrane, other fission mechanisms harness tensile forces arising from interactions between the endosome membrane and cytoskeletal elements. As introduced in the preceding section, microtubule-and actin-dependent motors provide force to deform the endosome membrane during ETC formation. Observation of endosomes in living cells reveals that some fission events are correlated with rapid bursts of endosome movement under the direction of dynein, suggesting that the tensile force exerted by microtubule-based motors is sufficient to elicit membrane fission [121] . Additional evidence in support of a microtubule motor-dependent fission mechanism comes from the discovery of a complex containing spastin, an ATP driven microtubule severing enzyme, and two proteins of the ESCRT endo-lysosomal degradative pathway complex, CHMP1B and IST1 [122] [123] [124] . These interactions are proposed to direct a local increase in microtubule plus ends on the vacuolar domain of the endosome where the ESCRT proteins are enriched, eliciting dynein-dependent traction and a consequent increase in tensile force leading to fission. Such a mechanism could direct fission at the junction between the vacuolar and tubular domains of the endosome (Fig. 3a) .
The discovery of the endosome-associated WASH complex raised the possibility that actin dynamics might also be harnessed to elicit fission of ETCs. A precedent for a role of actin dynamics in membrane fission exists in yeast cells, where actin polymerization drives propulsion of clathrin coated endocytic vesicles into the cell, which is proposed to elicit fission [125] [126] [127] . Similarly, in cells that express the WASH complex, endosome-associated F-actin might be harnessed to propel the ETC away from the mother endosome, generating sufficient tensile force to elicit membrane fission (Fig. 3a) . Alternatively, an actin network might 'cage' the endosome [121] , restricting its movement while a microtubule-based motor elongates the ETC, ultimately eliciting membrane fission (Fig. 3a) .
Finally, it was recently reported that sites of contact between a tubule of the endoplasmic reticulum (ER) and the endosome precedes fission [128] (Fig. 3b) . Curiously, a similar event precedes mitochondrial fission [129] , but in neither case has the role of the contact site been elucidated. Clearly, the mechanisms of endosome fission represent an interesting and important area for which future research will be directed.
Concluding remarks
Sorting nexin proteins are key components of nearly every endosomal cargo's export. They function to capture cargo, either through direct recognition of sorting signals, or by recruiting the retromer complex to the endosome membrane. By promoting topological changes in membrane shape required to make ETCs, the SNX-BAR proteins act akin to the role of traditional vesicle coat proteins. A key difference, though, is that SNX-BAR proteins serve as a major interface between the endosome membrane and molecular motors whose actions contribute to cargo sorting, ETC budding and fission, and ETC transport to downstream organelles. An important emerging concept is that initial interactions between cargo, sorting nexins, and retromer seem to drive the formation of distinct ETCs, tailoring their biogenesis between vesicles, whose primary function lies in transport of particular proteins, and large tubules that carry bulk membrane and proteins. With the identification of sorting nexin roles in numerous trafficking pathways, and knowledge of the stages at which they operate, we anticipate that research in the near future will begin to elucidate the principles of cargo sorting and ETC assembly, and the manner in which ETCs are 'programmed' to be delivered to, and fuse with, downstream target organelles.
